Specifying forest value besides raw material production by the Faustmann-Hartman setup is widely established, but criticized as restrictive in capturing diversity values. We show that extending the model to cover diversity attributes, i.e. including mixed species and internal heterogeneity within species is not enough to overcome the restrictions. Additionally, it is necessary to extend forest harvesting regimes to cover thinning (partial harvesting), continuous cover forestry, and the management of commercially useless trees. Restrictions in the Faustmann-Hartman setup are first shown analytically with optimized thinning, but without tree size structures. The empirical significance of these findings is shown by a model with four tree species, tree size structures, an extended set of forest management activities, a detailed description of harvesting costs, and a measure for stand diversity as a key factor behind ecosystem services. We show how optimal harvesting regime, net revenues, wood output, and stand diversity depend on model flexibility, economic parameters and on the valuation of ecosystem services.
Introduction
Forests represent a prime example of extractive natural resources that are highly valuable besides their contribution as a source of raw materials. In resource economics, this was perhaps first formalized in Hartman (1976) , who included the value of a standing forest into the generic Faustmann (1849) and Samuelson (1976) optimal rotation model. Since then, numerous studies have applied the Hartmann extension. However, despite this success, a recent review by Amacher (2015) comes to the conclusion that albeit the economic modeling of amenities as a function of stand age may be justified as a first hypothesis, it remains very basic. The uniformity of the large number of models presented after Hartmann (1976) is also found restrictive. According to Amacher (2015) , forest economics has so far been unable to merge conservation biology, which identifies links between key habitats and species diversity attributes in economic optimization models of forest resources.
Our study aims to proceed from the Faustmann-Hartman setup by a model for mixed-species forests.
This extension together with the inclusion of tree size structure enables us to formalize both species and intraspecies diversity. We show that extending the diversity attributes in the amenity or ecosystem services (ES) valuation is not enough as such. In addition, it is necessary to extend the set of forest management activities and proceed beyond Faustmann-Hartman rotation forestry regime based on harvesting stands by clearcuts only. 1 Large literature suggests a strong connection between forest structural diversity, ES, and productivity. The 'habitat heterogeneity hypothesis' in ecology (MacArthur & MacArthur 1961) postulates that structurally complex habitats provide more niches and diverse ways of exploiting environmental resources and thus imply higher species diversity and productivity. Liang et al. (2016) 3 study the biodiversity-productivity relationship using a global dataset, and find a positive concave relationship between species richness and tree volume productivity. Ongoing species loss in forests is found a threat to forest productivity, and benefits from the transition of monocultures to mixed-species stands are emphasized. Gamfelt et al. (2012) study boreal forests, and find either a monotonically increasing positive, or a single-peaked relationship between tree species richness and the supply of ES such as soil carbon storage, deadwood, and berry and game production. Zhou (2017) applies hedonic valuation and finds stand structural diversity and the density of large pine trees as key determinants for preserving amenities among forest owners in the U.S. southern pine region.
Another line of research has studied the connection between management measures and forest diversity characteristics. Bose et al. (2013) review expanding Canadian experiments on forests thinning and continuous cover forestry that aim to balance economic and ecological objectives. Avoiding clearcuts contributes to maintaining the natural characteristics of forest landscapes and more favorable habitat attributes for birds, insects, vertebrates, and vegetation. As constraints to continuous cover forestry, they mention the threat of short-sighted high-grading, i.e. "harvest the best, leave the rest". Conceptual and simulation models for synthesizing empirical knowledge are proposed as the most promising way ahead.
In a review on Canadian field experiments Ruel et al. (2013) find that many attributes of old-growth forests can be preserved with thinning, and diversity indices for partially harvested stands remain similar or very close to uncut forests. Given an old-growth forest as the initial state, they obtained a result that avoiding clearcuts causes a short-term decrease in profitability, while the long-term outcome may be the reverse (no optimization applied). Martin et al. (2018) emphasize less intensive management treatments as a main method for maintaining the diversity of Canadian boreal forests, but expect that economic viability will restrict broader developments of the alternatives for clearcutting.
A study by Duncker et al. (2012) , based on a detailed mixed-species model for southwest Germany, found mixed-species stands based on continuous cover forestry more favorable for balancing 4 wood production and ES than single-species rotation forests. For Nordic boreal forests similar results have been obtained in Peura et al. (2018) .
Forest ecological and management research supports the view that while longer rotation periods are favorable for amenities and ES, the role of lower impact harvesting methods, such as thinning and continuous cover management, may be more important when the aim is to maintain forest diversity, ES, and a balance with wood production. This background strongly suggests extending the economic analysis of harvesting methods 2 and diversity attributes beyond the Faustmann-Hartman setup.
We first develop analytical results by a model with thinning in Clark (1976, p. 62) extended to include ES, multiple tree species, and continuous cover forestry. This model reveals the highly restrictive nature of the Faustmann-Hartman setup compared to a model with a wider set of harvesting options, and supports studying the significance of the theoretical findings by an empirically detailed model.
Our empirical extension is a detailed size-structured model 3 for stand growth and any number of tree species. The detailed structure enables describing stand diversity with the available ecological measures. The model allows three different types of harvesting activities: clearcut, thinning, and felling (noncommercial) trees without hauling from the site and optimization between rotation and continuous cover forestry. Revenues are separate for sawlogs and pulpwood, and market prices are species-specific.
A detailed harvesting cost model recognizes various tree species and is separate for clearcuts, and thinning and felling trees without commercial value. Each harvest operation includes a fixed cost (transporting the harvester to the site). Thus, we optimize a vector of binary variables determining whether to harvest at the given period in addition to optimizing the harvested number of trees over the size classes and species. Natural regeneration implies that it is possible to continue thinning instead of 2 Nordic forest management practices typically include 2-3 thinnings before the clearcut but unlike rotation, thinnings are not optimized. Management based solely on thinning, i.e. continuous cover forestry has not been favored by forest experts due to the belief that it does not maximize sustainable yield. 3 The size-structured model is investigated analytically in Tahvonen (2015) but for one species and without ES.
5
clearcutting followed by costly artificial regeneration. Excluding ES values and their dependence on diversity, all features and model parameters are based on empirical data valid in the Nordic context.
If thinning is ruled out, the number of tree species and intraspecies diversity has negligible effect on optimal rotation. Diversity valuation lengthens rotation and with very high valuation, yields an infinitely long rotation, i.e. abandon of forestry. This is strictly in line with the Faustmann-Hartman setup.
Adding the possibility of thinning more than doubles rotation length, increases bare land value by 20-70%, and yields higher stand diversity compared to rotation forestry, but lower levels of wood output.
Even without ES preferences thinning (or partial cutting) allows to influence the development of tree and size structures in a way that is not possible within the Faustmann-Hartman model. Including the preferences for ES into the objective shows that a much lower level of their valuation is enough to abandon cleacuts compared to similar outcome within the Faustmann-Hartman model. ES preferences support continuous cover forestry, increases the share of birch, pine, and noncommercial broadleaves, large tree size classes and lengthens the continuous cover steady-state harvesting interval. Including thinning into the model cuts the cost of increasing ES production to a negligible level compared to the Faustmann-Hartman specification. Stand diversity also appears to be higher in the continuous cover steady state compared to an unharvested stand, even without including ES into the model objective.
Similar previous results in forest economics do not exist, and our results strongly suggest that proceeding beyond the Faustmann-Hartman setup is necessary to better understand the economics of forestry with preferences to ecosystem services and biodiversity. In existing literature, Buongiorno et al. (1994) include a diversity index into a model for continuous cover forestry, but use a static one species model. Lin et al. (1996) include mixed species, but no optimization. Getz and Haight (1989) 
Our inclusion of any number of species and ES values extends Clark (1976, p. 63) and Tahvonen (2016) .
Compared to the plantation forestry in Clark (1976, p. 63-) optimal rotation may be finite or infinite, i.e.
the model includes optimal choice between continuous cover and rotation forestry. The ES valuation and growth functions are continuous and continuously differentiable and satisfy
11 0 for 0 for 0 0 1 
4 Note that the denominator in specification is close to that in Beckage and Gross (2006) but is concave in the admissible region.
x is low and rotation T is not too short, it is first optimal to let the stand grow without any thinning ( (2), (3), (4)- (6), (7) and (8) 
Maximizing (1) w.r.t. T yields the condition for the solutions with finite optimal rotation denoted by T*
At T* the optimal regime is singular, i.e. 0 0 1
implying that differentiating (10) and simplifying by (7) and 01
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In (11) the term 0 g  , but we have left the sign of y unrestricted. Thus, without ES, optimal rotation is unique but with ES valuation multiple locally optimal rotations can be ruled out only if     ** y T A T  is negative or close enough to zero. Write equation (10) as
With no amenities the terms in (13)   0 T,  , no finite rotation satisfying (9) exist implying that optimal rotation is infinite, i.e. it is optimal to continue thinning without clearcut and continuous cover forestry is optimal. Accordingly, if 01
, the LHS of (13) is negative when t , implying that there must be at least one finite rotation satisfying (9). Thus, if growth cheeses independently on stand density as in Clark (1976, p.63-) , the optimal rotation is finite and clearcuts are inevitable. 
ES values lengthen (shorten) optimal rotation if
Neglecting thinning and setting 01 Assume the growth specification given in Figure 1 and 
The Faustmann-Hartman solution is unchanged (cycle A,C,0,A), but the solution with thinning is A,F,G.
Given specification (16) 
      
When the rotation period
 is finite the solution is a rotation forestry and when it is infinitely long it represents continuous cover forestry. The latter becomes possible when trees regenerate naturally and thinning can be continued without clearcuts. In specification (23) land is initially bare but this can be extended to optimize cuttings from any initial stand state (Tahvonen 2015) . Notice that by removing thinning the specification falls back to optimizing the rotation length only similarly as model (1)-(3).
Empirical specifications and data
The equations for stand growth take the form 
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The tree diameters and diameter-specific pulp and sawtimber volumes are given in Table 2 and are based on Heinonen (1994 Table 3 ). This specification is based on detained empirical logging experiments by Nurminen et al (2006) , and it includes cutting (28a), hauling (28b), and felling (28c) costs separately. The cutting cost per tree is higher for thinning compared to clearcut ( 11 1 jth jcl , j ,...,l
 
). Variable harvesting costs increase with total harvested volume but decrease with tree volume. In computing the hauling cost (28b) there is no need to separate the tree species. The prices for sawtimber and pulpwood are given in Appendix 1, 
The value of Simpson index is high when the stand carrying capacity is evenly allocated across tree species and size classes. Because of the lack of empirical data, it is assumed that the value ES depend linearly on the diversity measure, i.e.
, where A is a constant. The value of A will be varied widely to reveal the effects of ES valuation on wood production and cuttings.
Optimization method and algorithms
The optimization problem (18)- (29) is a dynamic discrete-time problem. Complications arise from nonlinearities, potential nonconvexities, many state variables (44-48), and the mixed-integer feature of the optimized variables. We search for optimal solutions by applying a tri-level computational structure.
At the upper level, we optimize the rotation period; at the middle level, the timing and number of thinnings; and at the lowest level (given the rotation length and timing of thinnings), the number of trees harvested from each size classes and species. As the number of trees is considered a continuous variable, the lowest level problem is solved using gradient-based methods and AMPL/Knitro optimization software (version 10.2), which enables the use of four state-of-the-art interior-point and active-set methods. The 44-48 state variable problems with 80-180 time periods can be computed within a couple of seconds. Potential nonconvexities are handled with a multi-start procedure. The middle level problem is to optimize the 0-1 binary variables for thinning timing. This is performed using hill climbing and genetic algorithms. In addition, the functioning of these algorithms is spot-checked by computing the outcomes of all conceivable timing combinations. To find the optimal rotation length, the middle and lower level optimization is repeated for rotation periods between 80 and 180 years by applying a five-year period length. Parallel computation is utilized whenever possible. When 180-years rotation yields the highest bare land value, we additionally compute an approximation for the optimal infinite horizon solution. This computation includes up to seven optimized harvests (both timing and number of trees harvested) before reaching a steady state harvesting cycle with an optimized interval length between the harvests. Using an Intel (R) Xeon (R) E5-2643 v3 @3.40GHZ, 24 logical processor computer, solving the infinite horizon approximation takes 50-120 hours. More details for these procedures are explained for the case of single-tree species model in Sinha et al. (2017) . Figure 3a shows the volume developments of unharvested (average-fertility sites) and that adding tree species has a surprisingly small effect on the total stand volume, which reaches a maximum of 3 500m at the age of 100 years. Figure 3b reveals that the mixed stand is dominated by Norway spruce. In Table   1 , the maximized bare land value increases with the number of commercial species while adding noncommercial other broadleaves decreases the bare land value. Optimal rotation varies between 60 and 50 years and the rotation for single-species Norway spruce is in line with earlier studies (Niinimäki et al 2012) . Annual yield and the discounted level of ES increases with the number of tree species.
Results

The Faustmann-Hartman model with varying number of tree species
The diversity of unharvested stands reach a maximum at stand ages between 100 and 110 years (Figure 3c ), because the number of trees in various size classes is highest at these ages and at greater ages the stand becomes dominated by Norway spruce. Including ES values (mixed stand with all four species) lengthens rotation to 110 years ( Figure 3d ). When 6460 A  , this rotation is locally optimal simultaneously with abandoning the clearcut. Given 6460 A  , the latter becomes globally optimal. This value of parameter A will be used as a benchmark in analyzing the effects of ES preferences for the generalized model with thinning. Table 1 . Note: w=regeneration cost (€), ES=ecosystem services bl=broadleaves, interest rate 3%, initial state at 0 20 t  : spruce 1750, birch 1000, pine 500, other broadleaves 500, *does not include other broadleaves (Figure 4b ) of €1500, implying the optimality of continuous cover forestry.
Comparing Tables 1 and 2 
Stand management with optimized thinning and preferences for ecosystem services
Including preferences for ES lengthens optimal rotation (Figure 5a ,b) as in the model without thinning.
With optimized thinning an ecosystem preference parameter equal to ca. 600 A  is enough to imply infinite rotation and a switch to continuous cover forestry. Note that within the Faustmann-Hartman model the same level of ES valuation produces 57-year rotation (Figure 3d ) and the rotation does not become infinitely long until 6460 A.  Figure 5a ,b. The effects of ecosystem services on optimal rotation Note: regeneration cost zero, interest rate 3%, initial state as in Table 1 .
Comparing Figures 6a and 4d shows that ES increase overall stand density from ca. Increasing the value of ES decreases the net revenues from harvesting. In Figure 8a these costs are much higher in the Faustmann-Hartman model, and the cost of reaching the maximum level of ES is only ca. 95% lower when thinning and the continuous cover solution are applied. This is partly explained by the fact that continuous cover harvesting allows maintaining higher (species) diversity compared to the no-harvesting solution, where the stand develops toward a Norway spruce-dominated state (Figure 8b ). Our results can be compared to certain earlier views on the management of mixed-species forests. Filyushkina et al. (2018) write that while intensive management, such as clearcuts or frequent thinning, decreases forest ecosystem value, certain management may be beneficial. Our results are clearly in line with this view or more generally with the widely studied "intermediate disturbance hypothesis" stating that highest species diversity occurs in species communities with medium scale disturbances (Connell 1978) . Using a large set of global data, Liang et al. (2016) show that tree species richness increases wood production. Additionally, they emphasize the re-evaluation of forest management strategies and the potential benefits from the transition of monocultures to mixed-species stands. These views obtain support from our results (Tables 1 and 2 ), but depending on whether the higher number of species is valuable either commercially or as sources of ES. Finally, we note that coming economic studies should still proceed in generalizing the description of forest amenity and ES values and in re-evaluating forest management alternatives using various ecological models for mixed-species forests estimated for various forest environments. Appendix 1. Parameters for regeneration, transition and mortality functions Table A1 . Parameters for equations (24)- (26) (Bollandsås (2008) .
Note: We set the latitude parameter equal to 61 9 L.  and assume an average fertility site (S15) where the height of 100 dominant trees equal 15m. Note: Symbols, see equation (7).
